Ultra high resolution three dimensional images of a microscopic test object were made with soft x-rays using a scanning transmission x-ray microscope. The test objectconsisted oftwo differentpatterns ofgold bars on silicon nitride windows that were separated by '5pim. A series of nine 2-D images of the object were recorded at angles between -50 to +55 degrees with respect tothe beam axis. Theprojections werethen combinedtomographically toform a3-Dimage bymeans ofan algebraic reconstruction technique (ART) algorithm. A transverse resolution of 4000 A was observed. Artifacts in the reconstruction limited the overall depth resolution to .6000 A, however some feawres were clearly reconstructed with a depth resolution of 10® A. A specially modified ARTalgorithm and aconstrained conjugate gradient(CCG)code were alsodeveloped as improvements overthe standard ART algorithm. Both ofthese methods made significant improvements in the overall depth resolution, bringing it down to 1200 A overall. Preliminary projection data sets were also recorded with both diy and re-hydrated human sperm cells over a similar angular range.
INTRODUCTION
X-ray microscopy is beginning to emerge as a viable imaging tool for microbio1oists and materials scientists.3 Several groups have developed x-ray microscopes ofvarious types using synchrotron sources,4' D laser plasma sources,6 and x-ray lasers. 7 All of these microscopes have produced high resolution 2-D images with soft x-rays. Transverse resolutions well below 0.1 jim have been demonstrated with scanning transmission x-ray microscopes (STXM) by Jacobsen et al. 4 and Meyer-llse et al. 5 There is also an increasing interest in high resolution 3-D imaging with x-rays, especially for biological specimens. X-rays are well suited to 3-D imaging for several reasons. Contrast for specific features in a specimen can be obtained by exploiting features of the xray absorption spectrum. Compared with electrons, x-rays offer high penetration depths, allowing sectioning of the sample to be avoided, and they cause less radiation damage for images of equal contrast.8 There are however no x-ray optics having sufficiently high numerical aperture (NA) to achieve resolution in depth that is comparable with the transverse resolution. Currently the best x-ray zone plates have a NA <0.1 for radiation in the water window.9 This means that the ratio of depth resolution to transverse resolution l/& 2/NA =20 for present state-of-the-art zone plates.
It is possible to improve the depth resolution by recording several views of the object over a large angular range. If each of the views is taken with a low NA optic such that the longitudinal extent of the object is less than the depth resolution ofthe imaging system, then each view will be a 2-D projection of the object. If, in addition, the images are recorded incoherently, as is the case with the STXM, then diffraction is not a factor. A 3-D image of the object can then be formed by combining theset of 2-D projections tomographically. The quality of the reconstructed image will depend on the quality of the projection data, the number ofprojections and the angular range over which they are taken. We have implemented this approach in conjunction with the STXM on the X1A beamline at the National Synchrotron Light Source (NSLS) in Brookhaven National Laboratory. The STXM forms high resolution 2-D images by scanning a sample through a focused beam of x-rays in a raster pattern orthogonal to the beam axis. 4 We modified the scanning stage of the STXM to include a rotational stage so that the images of a specimen could be taken over a range of angles. Figure 1 is a sketch of the STXM with the rotatable sample holder. We used this modified STXM to make a high resolution 3-D image of an artificial test object. The resulting 3-D image shows an improvement in resolution of nearly an order of magnitude compared with existing x-ray tomographic techniques. Detailed descriptions of this work have been published elsewhere.10' 1 1 We have also begun extending these techniques to biological specimens. Currently, we are developing sample preparations for imaging single cells in 3-D, and some preliminary multi-view data have been obtained with human sperm cells.
IMAGING OF THE TEST OBJECT
The test object consisted of two unique patterns of 650 A thick gold bars written onto silicon nitride windows which were separated by -5j.tm. The two patterns were designed to be simple yet contain a range of feawres of various sizes including gaps and angles other that 90 degrees. Each pattern was comprised of bar features in the size range between 1000 A and 5000 A, and occupied a 2 pim x 2 pm region on the window. The overall dimensions ofthe test object were approximately 2 xm x 2 un x5 pm. For good 3-D image formation, it was necessary thatthe object be partially transmissive while providing good contrast. As a result, the thickness of650 A was chosen for the gold patterns based on computer simulations. A sketch ofthe test object is shown in Fig.  2 . The two gold patterns in the figure are labeled A and B for future reference. The rectangular frame at the top ofpattern A was incorporated into the test object as an alignment diagnostic. This frame was imaged along with the object from each viewing angle and was used as an aid in aligning the projections, however, the portion of each 2-D image containing the frame was not included in the 3-D reconstruction. When forming images with the STXM, it is necessary to filter out higher order foci ofthe zone plate by passing the beam after the zone plate through an order sorting aperture (OSA). In orderto allow clearance forrotation ofthe sample the OSA (not shown in the figure) was incorporated into the test object. The OSA was a 7000 A thick gold mask with a 10by 15 p.m aperture centered over pattern A.
The x-ray source at X1A is an undulator that produces a high flux of tunable coherent soft x-rays in the energy range of 250 to 800 eV.12 For these experiments the beamline was operated at a wavelength of 36 A and a spectral width of 0.5%. The x-rays were focused onto the test object by a zone plate with a finest zone width of 600 A. This produces a near diffraction limited spot of about 732 A.13 Scans were made with a step size of 250 A, thus oversampling by approximately 3:1.
SPIE Vol. 2516 / 103 Physical limitations ofthe instrument allowed only a small number ofprojection images to be taken and restricted the angular range over which projections could be recorded. Forthis experiment, 9 projection images were recorded atangles between -50 and +55 degrees. The combination oflimited viewing angle and few projections results in achallenging image reconstruction problem. In cases such as this, the amount ofinformation in the projections is much less than that needed to straight forwardly reconstruct the image; ie., thereconstructionproblemisill-posedanditisnecessarytouse aniterativeopthnizationtechniqueforreconstruction. We used an algebraic reconstruction technique (ART) code to form a volumetric data set of the test object from the set of 2-D ti14 ' 15 to reconstruction, the raw projection data were aligned, corrected for irregularities and the logarithm of the brightness of each projection was taken in order to make it a linear function of material thickness.
We observed a transverse resolution of 75OAin the 2-D images which can be inferred from feature edges and the resolution ofthe 1000 A gap in pattern B (see Fig. 2 ). Artifacts in the 3-D reconstruction due to noise in the 2-D projections, uncertainty in the measurements of the projection angles, misalignment ofthe projections, the limited angular range over which the projections are recorded, the limited number ofprojections and fundamental limits ofthe reconstruction technique limited the depth resolution while producing a loss in transverse resolution compared with the 2-D images. As a result, the transverse resolution in the 3-D reconstruction was close to 1000 A. The overall depthresolution was limited to about 6000 A, however some features were clearly resolved at 1000 A in depth. Figure 3 is a series of2-D rendered images ofthe 3-D reconstruction. Most noteworthy are the views presented for angles of rotation about the horizontal axis since 2-D projections from similar angles were not recorded. Clearly visible arethe twopatterns shown inFig. 2. Theeffects ofthereconstruction artifactscanbeseenin Fig. 3 . The only feature suffering from significant distortion is the horizontal bar ofpattern B, which has ballooned to about 6000 A full width at halfmaximum in the depth dimension. This is a result of the limited angular range over which projections were taken and the inability of the ART algorithm to confine the mass of the feature in the depth direction with the limited data set.
PROGRESS TOWARDS IMPROVED IMAGE RECONSTRUCTION
Recently, we have been developing improved image reconstruction techniques to better handle the problems oflimited number of projections and limited angular range of the projections. Two methods have arisen. The first is a constrained conjugate gradient (CCG) optimizer applied to tomography, and the second is a modification of the ART code mentioned above. A detailed description of these algorithms is beyond the scope of this paper, however the CCG algorithm has been previously applied to other problems, and is published elsewhere.16 ' 17 We will hereupon refer to the special modified ART as SPART. Standard ART works well within the first few (up to '1OO) iterations, but bogs down after that because, in general, the rate of convergence diminishes with the number of iterations. If the data is noiseless, ART continues to converge with more iterations, albeit so slowly that improvements in the reconstruction are nearly undetectable. The SPART code attempts to deal with this problem through the use of prior knowledge that the projection data were limited in range. SPART uses the knowledge that at any point in the iterative reconstruction process, the reconstructed image is always blurred in the depth dimension; the same blurring that is visible in the reconstructions ofFig. 3. The SPART code attempts to "push" the reconstruction process towards better convergence by a compression in the depth dimension of the reconstructed image on every iteration. This compression must be done in small increments after each iteration so as to avoid instabilities. The current version ofthe SPART code accomplishes this by calculating the 90 degree angle projection ofthe image, and then backprojecting it into the image after each iteration. This causes a gentle sharpening ofthe image in the depth dimension after every iteration. The process is stopped when the mean square difference between the real projection data and the calculated projections of the current reconstruction is less than a predetermined value. All the reconstruction techniques described herein form 3-D images as a series of2-D slices which are normal to the axis about which the sample was rotated. It is clear from the images in Fig. 3 that the slices containing the features which are most difficult to reconstructpass through the centerofthetest objectand contain thehorizontal barofpattern B. We therefore choose one of these slices as a gauge of our reconstruction techniques, and compare them by forming images of only this one slice using the various reconstruction techniques, and comparing them with each other and with an ideal model of the slice. These images are shown in Fig. 4 . Both the CCG and SPART reconstruction techniques produce images with marked improvement over the standard ART reconstruction. Both of these techniques improve the overall depth resolution in the images of the test pattern from 6000 A to approximately 1200 A, making the depth resolution truly comparable to the transverse resolution for this imaging technique. 
FIRST MULTI-VIEW DATA OF SINGLE CELLS
We have been focusing on 3-D imaging of sperm cells for various reasons. They are of great interest to molecular and cell biologists because oftheir importance in the reproductive process. The geometric structure ofthe DNA within the cell is not well known, and it has been suggested that its exact geometry may play a critical role in fertilization. Samples of human sperm cells were prepared with goldiabeling and chemically induced to swell in size by approximately a factor of6. Two sets ofsainples were prepared, one withtelomerespecificprobes, andtheotherwithcentromere specificprobes. Droplets ofsolution containing prepared cells were placed onto silicon nitride windows having OSAs similar to the one described above for the test pattern, and allowed to dry. Only the windows having one or two cells within the OSA were selected for use in the experiment. Multi-view data sets of several of these dry samples were taken.
Ultimately, the goal is to be able to image hydrated specimens as close to their living state as possible. In a first step towards this goal, wepreparedsomewetspermsamplesbyre-hydration. Itisnessarytohaveasamplepackagewhichcanholdawetcellspecimen, carry an OSA and allow the entire package to berotated so thatimages ofthe cellcould be recorded overa widerange ofangles. These wet cell packages were prepared by taking the same dry preparations described above, and cementing another silicon nitride window onto the window carrying the OSA and the dried sperm cell in such a way as to sandwich the cell between the two windows. Epoxy was used to fasten the two windows together and to form a seal on two parallel sides of the window sandwich. Just prior to imaging, one open end of the sample packages were dipped into water. Capillary forces drew a small amount of water upwards, filling the gap between the windows and re-hydrating the specimens. The remaining open ends of the sample packages were then sealed with epoxy, capturing a several micron thick water layer between the windows. Multi-view data sets of two of these re-hydrated samples were recorded. Representative images from both the dry and re-hydrated data sets are presented in Fig. 5 . 
SUMMARY
Ultra high resolution tomography with a scanning transmission x-ray microscope has been demonstrated. A 3-D image of a microscopic test object was produced with an algebraic reconstruction technique from nine 2-D soft x-ray micrographs. Two improved reconstruction techniques were also developed to better handle the problem of reconstruction of the 3-D image from limited projection data. The 3-D reconstructions have depth resolution comparable to the high transverse resolution of the 2-D images, and to our knowledge, are the highestresolution x-ray tomographic images to date.1 8, i9
multi-view data sets of both dry and re-hydrated, gold labeled human sperm cells were also recorded.
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